Boiling heat transfer in silicon microchannels needs high walls and liquid superheats for bubble nucleation, leading to a strong thermal non-equilibrium between vapor and liquid phases, which not only damages the heat transfer device at the start-up stage, but also causes two-phase flow instabilities. In this paper, the seed bubble technique is used as an active control strategy to improve the flow and heat transfer in silicon microchannels. Seed bubbles are miniature bubbles of micron size, which are produced on a set of microheaters upstream of microchannels driven by pulse voltage signal. They flow downstream of microchannels after they depart from microheaters to decrease and control the thermal non-equilibrium between vapor and liquid phases in microchannels. The working fluid was methanol and the hydraulic diameter of the microchannels was 100 μm. The demand curves of pressure drops versus mass fluxes were examined with and without active control. Four regions (I, II, III and IV) of demand curves were identified. For the flow without active control, the four regions were the subcooled liquid flow, the superheated liquid flow, the unstable boiling flow and the vapor flow at high-vapor-mass qualities. Alternatively, for the flow with active control, the four regions were the subcooled liquid flow, the seed-bubble-triggered boiling flow, the seed-bubble-stabilized boiling flow and the vapor flow at high-vapor-mass qualities. The linear part of the demand curves is shortened when the seed bubble technique is used. The points at which the demand curves deviate from the linear part coincide into one point at different seed bubble frequencies. The seed bubbles have no influence on the subcooled liquid flow (region I) and the vapor flow at high-vapor-mass qualities (region IV). However, seed bubbles not only convert a superheated liquid flow into a quasi-stable boiling flow in region II, but also convert an unstable boiling flow into a quasi-stable boiling flow in region III. Besides, heat transfer coefficients with active control are several times those without active control in regions II and III. The higher the seed bubble frequencies, the more the heater surface temperatures decrease.
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Introduction
Boiling heat transfer in microchannels has recently received great attention, due to its wide application in electronic industries. Lin et al (1998) measured the roughness of a polysilicon microheater surface by an atomic force microscope (AFM) and found that the roughness was 6.5 nm, which is almost the same size as the curvature of the critical bubble nucleus r c for homogeneous nucleation, which equals 3.15 nm for water (Li and Cheng 2004) . Bubble nucleation in smooth silicon microchannels is either a homogeneous process or a heterogeneous process on the surface with micro-/nanocavities. Wall superheat at the onset of nucleate boiling (ONB) is significantly high. Kandlikar et al (1997) calculated the flow over a bubble attached to a channel wall at a given contact angle and gave a bubble nucleation criterion, representing the lowest temperature at which a cavity of a given size will nucleate. The cavities will continue to nucleate at higher superheats. If cavities of this radius are not available, the onset of nucleation will be delayed into the downstream of the channel until the wall superheat meets the bubble nucleation criterion. Kandlikar (2002) discussed fundamental issues related to flow boiling in microchannels. Liu et al (2005) developed an analytical model to predict the incipient heat flux and the bubble size at the onset of boiling. The closed-form solution obtained reflects the impact of the important running parameters on the incipient heat flux. The microchannels in their studies were 275 μm wide × 636 μm deep, and water was the working fluid. Kandlikar et al (2006) noted that wall superheats at the ONB are quite high in microchannels, even in the presence of right-sized cavities. The introduction of artificial cavities on channel wall surfaces alone may not be enough to suppress flow instabilities due to the rapid bubble growth. Thus, they proposed the hybrid technique of pressure drop elements and fabricated nucleation sites to suppress flow instabilities in microchannels. Yu et al (2006) investigated pool boiling heat transfer using an artificial micro-cavity surface immersed in FC-72 liquid. Wall superheats could reach several tens of degrees at the boiling incipience even though micro-cavities were used. It is found that flow instabilities in microchannels are strongly related to the high boiling incipience temperature (Xu et al 2009) . We consider liquid flow in microchannels if heating power is increased continuously. The bubble nucleation does not occur until wall and liquid superheats are sufficiently high. Once boiling incipience takes place, the superheated liquid releases its stored energy to vapor in a short time. A sharp pressure increase in the vapor core makes the fluid travel in both downstream and upstream directions. The vapor growth and pressure rise stage is over when the superheated liquid completely releases its stored energy. The incoming fresh liquid refills microchannels due to the external pumping power. It needs a long waiting time for the incoming liquid to reach the superheated bubble nucleation temperature again. The above processes are repeated in time sequence, causing the alternating flow pattern transitions in microchannels. Thome and Dupont (2007) , in their patent, proposed a heat transfer assembly design, consisting of an evaporator and a bubble generator connected by a tube. Recently, Xu et al (2009) used seed bubbles to stabilize flow and heat transfer in microchannels. The oscillating boiling heat transfer is sustained in microchannels without the assistance of seed bubbles. Seed bubbles at low frequencies shorten the oscillating cycle periods and decrease the oscillating amplitudes of pressure drops and heating surface temperatures. High-frequency (f > 50 Hz) seed bubbles completely suppress flow instabilities.
The objective of this study is to examine the demand curves of pressure drops versus mass fluxes with and without active control. The seed bubble technique is used as an effective control strategy. Methanol was used as the working fluid. Experiments were performed over a wide range of mass fluxes for different heat fluxes. It is found that the demand curves can be divided into four regions. The linear part of the demand curves is shortened by the seed bubbles. Seed bubbles have no effect on the subcooled liquid flow and the vapor flow at high-vapor-mass qualities. However, seed bubbles not only Figure 1 . The seed-bubble-guided heat transfer system; all dimensions are in μm. 1 and 3: resistances of gold pads (R Au1 and R Au2 ); 2: resistance of the five microheaters (R fi ); 4: bonding channel with the depth of 1.5 μm to suspend the gold pad; 5: signal wire for the seed bubble generations. The red rectangular area in (b) is the effective heating area at the back surface of silicon substrate, and the design is similar to that in Xu et al (2009) , except that the length of the main heater is 8.0 mm instead of 4.5 mm in Xu et al (2009). convert a superheated liquid flow into a quasi-stable boiling flow, but also convert an unsteady boiling flow into a quasistable boiling flow. A significant heat transfer enhancement was observed in regions II and III. The higher the seed bubble frequency, the more the heater surface temperatures decrease. Figure 1 shows the silicon microchannel heat sink integrated with seed bubble generators in the microchannel upstream. The whole microsystem had a length of 22.6 mm and a width of 9.0 mm. The top 7740 glass cover (thickness of 525 μm) and the bottom silicon substrate (thickness of 400 μm) were bonded together. Five triangular microchannels with a hydraulic diameter of 100 μm were etched in the silicon substrate. They had the length of 12 000 μm, covering the total width of 1366 μm. At the back surface of the silicon substrate, a rectangular area (represented by the red area in figure 1(b) ) was deposited by the platinum film as the main heater. The effective deposition area is 8000 μm in length and 1366 μm in width. A dc voltage is applied on the main heater acting as the heating source. The present design is similar to that in Xu et al (2009) , except that the length of the main heater is 8.0 mm, instead of 4.5 mm as in Xu et al (2009) .
Description of the experiment

The test section and experimental setup
Cross sections of A-A and B-B referring to figure 1(b) are shown in figures 1(c) and (d). At the microchannel entrance, a coordinate system was established, with x, y and z as the axial flow direction, the chip width and the chip thickness direction, respectively (see figure 1(b) ). Another two-dimensional attached coordinate system (x film , y film ) was set on the main heater surface (8000 × 1366 μm 2 ), with x film = 0 as the beginning of the heating area and y film = 0 at the centerline of the heating area. Different from other studies of microchannel heat sinks reported in the literature, an active control method was used to improve the flow and heat transfer performance in this paper. As shown in figure 1(a), five microheaters are fabricated at the back surface of the glass cover, each having a size of 50 × 20 μm 2 . They are within microchannels, located 500 μm away from the microchannel entrance along the flow direction (see figure 1(c) ). Each microheater corresponds to a specific channel, marked as #1 to #5 consecutively (see figure 1(d) ). Pulse voltage signals were applied on the microheaters to generate seed bubbles to control the flow and heat transfer in microchannels.
Figure 2(a) shows the experimental setup. The pumping flow rate of methanol was driven by a high-pressure nitrogen gas, which is different from our previous study in which the flow rate was provided by a syringe pump (Xu et al 2009) . The flow system consists of a nitrogen gas bottle, a valve regulator, a pressure (methanol) tank, an ice box, a 2 μm filter, the test section and a heat exchanger. The liquid was finally collected in a container (beaker) weighted by an electronic balance.
The measurement system is shown in figure 2(b), consisting of three parts. The blue part represents the seed bubble generation. The microheater array was driven by a pulse voltage signal, with the pulse frequency f ranging from 0.2 to 20 MHz and the output voltage amplitude ranging from 0 to 20 V. The red part shows the power supplier to the main heater at the back surface of the wafer. In such a circuit, a given electronic resistance is included. The black part consists of a high-speed camera bonded with a microscope to record the flow pattern image, an IR image system for the temperature measurement at the back surface of the silicon substrate and a high-speed data acquisition system for all the thermocouples, pressures and other voltage signal measurement. The detailed description of the whole measurement system can be found in Xu et al (2009) . 
Parameter measurements and data reduction
Pure methanol liquid (CH 3 OH, purity more than 99.5%) was used in this study. The saturation temperature is 64.7
• C at atmospheric pressure and the critical temperature is 239.58
• C. The major physical properties are shown in table 1, cited from Yaws (1999). Parameter measurements involve inlet and outlet temperatures of microchannels, surface temperatures at the main heater surface and the pressure drop across the test section. Inlet and outlet temperatures were measured by two K-type thermocouples having diameters of 0.1 mm with a response time of 0.1 s. Main heater surface temperatures were measured by the IR imaging system.
The data reduction process involves a set of parameters, which are described as follows.
Mass flux. The mass flux (G) is the mass flow rate divided by the total cross-sectional area of the five microchannels, i.e. G = m/(NA c ), where m is the mass flow rate, N is the number of microchannels and A c is the cross-sectional area of a single microchannel.
Heat flux. The heat flux (q) was computed as
, where V 3 and V 4 are the voltages shown in figure 2 , A W is the main heater surface area, R f is the given resistance (see figure 2) and φ is the thermal efficiency.
Thermal efficiency. A set of liquid flow and heat transfer experiments were performed to determine the effective thermal efficiency, which is defined as the effective enthalpy increment across the test section divided by the total heating power. The value of the thermal efficiency ranges from 0.75 to 0.87. Thus, the average value of 0.81 was used to compute the effective heating power on the main heater surface.
Boiling number. Boiling number (Bo) was defined as Bo = q/(Gh fg ), where h fg is the latent heat of evaporation.
Heat transfer coefficient. Because heat transfer coefficient may be varied along the flow direction, it is defined at the end of the effective heating length, i.e. at x film = 8.0 mm (see figure 1(c)), at which temperatures attain almost maximum values. Heat transfer coefficient is written as h film = q s /(T film − T f ), where q s is the heat flux based on the two side wall's surface area with the heating length of 8.0 mm, T film is the main heater surface temperature at x film = 8.0 mm and T f is the fluid temperature. For boiling flow, T f should be the saturation temperature at the local pressure.
Heat transfer enhancement ratio. In order to evaluate the effectiveness of the active control method reported in this paper, a heat transfer enhancement ratio is defined as = h film,f /h film,f = 0, where h film,f is the heat transfer coefficient with active control at the pulse voltage frequency f and 
h film,f = 0 is the heat transfer coefficient without active control.
The calibration was performed to determine the electric resistance of microheaters versus temperatures. During such a calibration, the microchannel heat sink assembly was put in an oven with a well-controlled temperature having an uncertainty of 0.5
• C. The temperature ranges from 20 to 120 • C. A linear relationship between the microheater resistances and temperatures was obtained as R fi = 0.0421T fi +24.869. The dynamic heating power on the microheaters was calculated as
where V 1 (t) and V 2 (t) are the instantaneous voltages in the pulse voltage circuit (see the blue part in figure 2), R s is the precise resistance selected from the standard resistance box and R Au1 and R Au2 are the two gold pad resistances (see figure 1(a)), with R Au1 = R Au2 = 0.958 at room temperature. The heat flux on the five platinum microheater surfaces is calculated by q fi (t) = Q(t)/(NA), where N is the number of microheaters and A is the microheater surface area, which equals 50 × 20 μm 2 . The parameter uncertainties are summarized in table 2.
Experimental procedure
The objective of this paper is to examine the demand curves of pressure drops versus mass fluxes at different heating powers at the main heater surface with and without active control. The runs cover a wide range of mass fluxes and thus liquid flow, boiling flow, and nearly dried-out state may appear in microchannels. Thus, we can obtain a full picture of the seedbubble-guided flow and heat transfer in microchannels. The experimental procedure is as follows. (1) The degassed methanol is charged and the pressure in the liquid tank is adjusted. (2) The mass flux in microchannels is regulated at the adiabatic condition without applying heating power on the main heater surface. After the system reaches a steady state, parameters such as pressure drop, mass flux, etc are recorded. (3) Step 2 is repeated with mass fluxes gradually changing from very high values to low values. Repeating steps 2 and 3 yields the demand curves of pressure drops versus mass flux at the adiabatic condition. (4) At the flowing state, a predetermined heating power was applied on the main heater surface. Such a heating power is not changed until a pair of runs with and without active control is over. (5) Runs started from a very high mass flux without active control, i.e. seed bubbles are turned off. The parameters are recorded once the steady state (or steady-oscillation state) is reached, noting that flow pattern images are also recorded when the run is in two-phase state. (6) Step 5 is repeated with active control, i.e. seed bubbles are turned on. All the related parameters and images are recorded. (7) Steps 5 and 6 are repeated for a decreased mass flux, until a very low mass flux is reached. (8) Steps 4-7 are repeated for another heating power on the main heater surface.
Using the above procedure, the demand curves of pressure drops against the mass fluxes are obtained with and without active control, including the adiabatic state. Flow and heat transfer performance is compared among the runs with and without active control. The data in this paper had the following values: heat fluxes on the main heater surface, 0-375 kW m −2 ; mass fluxes, 100-1200 kg m −2 s −1 ; seed bubble frequencies, 0-1000 Hz; inlet liquid temperatures, 3-5
• C; and pressure drops, 1-18 kPa. The exit of microchannel heat sink always had atmospheric pressure.
Results and discussion
Seed bubble generation and departure
Usually, a normal bubble is a bubble that is nucleated locally and grows to form a large bubble. In this paper, the bubble nucleation and growth are separated into two independent processes. Seed bubbles are produced on microheaters by pulse voltage signal, having the size of micron. They flow downstream of microchannels and grow once they contact the superheated liquid. The seed bubble frequency equals the pulse voltage frequency; thus, seed bubbles are well controlled. Bubble dynamics on a small-scale microheater surface under the pulse heating condition has been widely studied for ink-jet applications.
However, bubble dynamics on microheaters in microchannels under flow condition is less reported in the literature. Generally, the heat flux on the microheaters is high to activate the bubble generation. When the pulse voltage signal is on during a pulse cycle, microheaters have higher temperatures than those of the surrounding solid and liquid; thus, seed bubbles are on the microheater surfaces due to the Marangoni effect. Once the pulse voltage signal is off during the pulse cycle, microheaters recede to the liquid temperature quickly; thus, the Marangoni effect disappears. A shear force from the flowing liquid stream (4πμ f R e ∼ 1 mN) flushes seed bubbles away from microheaters, where R e is the seed bubble radius. Consecutive pulses control the seed bubble generation and departure. Figure 3 (a) shows temperatures and heat fluxes on the microheater surface for the pulse frequency of 100 Hz. The pulse cycle period is 10 ms.
The mass flux is 517.89 kg m −2 s −1 . The heat flux on the main heater surface is 374.61 kW m −2 , which does not affect the seed bubble generation and departure. The microheater temperatures increase gradually once a pulse is on and attain maximum values of about 220-230
• C at the end of the pulse. The heat flux on the microheaters sharply increases to 53 MW m −2 and then slightly decreases due to the varying microheater resistance versus temperature. Specific time is marked in figure 3 (a) for t 1 , t 2 , t 3 and t 4 , where t 1 is the time before a pulse begins, t 2 and t 3 are on the pulse and t 4 is the time after a pulse recedes. Figure 3(b) shows seed bubble generation and departure. No bubble is observed at t = t 1 and a bubble is seen on the microheater surface at t = t 2 . The seed bubble departs from the microheater at t > t 4 , and is thoroughly away from the microheater at t > t 5 . Another bubble is seen at t = t 8 for the next pulse.
Even though the instantaneous heat flux on microheaters is sufficiently high, the average heating power on the microheaters is in the order of milliwatts, which is sufficiently lower than the heating power applied on the main heater at the back surface of the silicon substrate.
Theoretically active control of flow and heat transfer in microchannels needs very small seed bubbles. However, very small seed bubbles may be fully condensed before they reach the saturated or the superheated liquid in microchannels due to the subcooled liquid in the inlet. It is observed that seed bubbles with the size of ∼10 μm are not fully condensed in microchannels; thus, they are effective for the active control of flow and heat transfer in microchannels. • Under the heating condition without active control (f = 0), pressure drops decrease quasi-linearly and then switch divaricately to a maximum value, which is represented by the open rectangular symbol, and a minimum value, which is represented by the solid rectangular symbol, with a continuous decrease of mass fluxes. The demand curves without active control show the spoon shape over the whole range of mass fluxes. The difference between the maximum and the minimum pressure drops is the oscillation amplitude of the unstable boiling flow, which first increases, attains the maximum value and then decreases, with continuous decrease of mass fluxes.
Demand curves of pressure drops versus mass fluxes with and without active control
• The quasi-linear part of the demand curve with active control coincides with that without active control, indicating no effect of seed bubbles on the single-phase liquid flow in microchannels.
• The demand curves with active control display the chair shape over the whole range of mass fluxes. Demand curves show no bifurcation after they deviate from the linear part, indicating the quasi-steady boiling flow in microchannels.
• Generally, the pressure drops with active control are higher than those without active control at the same mass flux after they deviate from the linear part. The higher the seed bubble frequency, the higher the pressure drops.
• The linear part of the demand curve is shortened when the active control technique is used. The points at which the demand curves deviate from the linear part coincide into one point at different seed bubble frequencies. It is noted that the liquid may be superheated without active control due to the lack of nucleation sites on the channel wall surfaces. The introduction of seed bubbles evolves the two-phase flow only if the liquid temperature is higher than the saturation temperature, causing the demand curves to deviate from those without active control. Thus, no matter how many seed bubbles are injected in microchannels over a given period of time, the points at which the demand curves deviate from the linear part coincide into one point at different seed bubble frequencies. • The pressure drops at very small mass fluxes with and without active control approach to coincide into one point. This situation corresponds to high-vapor-mass qualities in microchannels.
In order to further identify the demand curves with and without active control, we re-plot figure 4(c) and focus the seed bubble frequencies at f = 0 and 100 Hz in figure 5(a). Figure 5(b) shows the heating surface temperature at x film = 8.0 mm and y = 0 (see figure 1 ). Temperatures at this location reach almost maximum values over the whole main heater surface. The observed phenomenon is summarized as follows.
• Four regions can be divided over the whole range of mass fluxes.
• For the flow without active control, regions I, II, III and IV are the subcooled liquid flow, the superheated liquid flow, the unsteady boiling flow and the vapor flow at extremely high vapor mass qualities or superheated vapor flow. There are not many data in region IV.
• For the flow with active control, regions I, II, III and IV are the subcooled liquid flow, the seed-bubble-triggered boiling flow (TBF), the seed-bubble-stabilized boiling flow (SBF) and the vapor flow, respectively.
• Both the TBF and the SBF are quasi-stable boiling flows with active control.
• Regions I and IV are identical for the flow with and without active control, indicating no effect of seed bubbles on both the single-phase liquid flow and the vapor flow.
In region I, seed bubbles have no effect on the subcooled liquid flow in microchannels. Flowing seed bubbles in liquids form bubbly flow. The void fraction is so small that the effect of seed bubbles on the flow and heat transfer cannot be identified. Assuming a diameter of 10 μm and a generation frequency of 1000 Hz for seed bubbles flowing in liquid with a velocity of 1 m s −1 , the void fraction is 6 × 10 −5 . The condensation of seed bubbles in flowing subcooled liquid shrinks the seed bubble size and further decreases the effect of seed bubbles on the flow and heat transfer in microchannels.
Region II refers to the superheated liquid flow in microchannels without active control. Injection of seed bubbles triggers boiling heat transfer, converting the superheated liquid flow into two-phase flow in microchannels. Thus, the flow and heat transfer performance without active control is significantly different from that with active control. Region III is the self-sustained unstable boiling flow without active control. The nucleation sites on channel wall surface are not enough to reach thermal equilibrium between liquid and vapor phases. Injection of seed bubbles decreases and controls the thermal non-equilibrium between liquid and vapor phases.
Region IV considers the vapor flow at high-vapor-mass qualities. The flow pattern is that of either elongated bubble flow or annular flow. Heat transfer is well maintained by a thin liquid film between the channel wall surface and the vapor core. Seed bubbles are merged by the elongated bubble or the vapor core. They have no effect on the flow and heat transfer due to their smaller size compared with the elongated bubble or the vapor core.
We define the TBF because superheated liquid flow exists in microchannels without active control. Injection of seed bubbles successfully induces a quasi-steady boiling flow in microchannels. We define the SBF because self-sustained unsteady boiling flow exists in microchannels without active control. Injection of seed bubbles switches an unsteady boiling flow to a quasi-steady boiling flow. Both the TBF and the SBF decrease the thermal non-equilibrium between liquid and vapor phases.
For the flow without active control, heater surface temperatures evolve the values below the saturation temperature in region I and the values above the saturation temperature in region II. With further decreases of mass fluxes less than that at the OFI (onset of flow instability) point, temperatures have maximum and minimum values corresponding to the unsteady boiling flow in region III. The oscillation amplitudes of temperatures increase, attain maximum values and then decrease with continuous decreases of mass fluxes in region III.
For the flow with active control, temperatures decrease in regions II and III compared with the flow without active control, indicating significant heat transfer enhancement. Because the flow is quasi-steady guided by seed bubbles, the uncertainties of temperatures are small; thus, only one value is marked in the figure for each mass flux.
The TBF
This section describes the TBF with active control. Figure 6(a) shows the transient pressure drops with and without active control for the run of G = 517.89 kg m −2 s −1 and q = 374.61 kW m −2 . The flow behaves as an exactly stable pressure drop without active control (f = 0). When seed bubbles are injected in microchannels, pressure drops oscillate with small amplitudes in the range of 0.1-0.5 kPa for seed bubble frequencies of 10, 100 and 1000 Hz, referring to the quasi-steady TBF. The thermal non-equilibrium, i.e. the temperature difference between liquid and vapor phases, decreases with increase of seed bubble frequencies. Thus, much energy can be transferred from the superheated liquid to the vapor, leading to the increased pressure drops with increase of seed bubble frequencies.
Figure 6(b) shows the flow patterns with and without active control.
It is seen that indeed no bubbles are observed without active control (f = 0; see the first image in figure 6(b) ). Generally, spherical bubbles and elongated bubbles coexist in microchannels with active control (see figure 6(b) ). More bubbles are observed with increases of seed bubble frequencies (f ). Flow patterns are similar to those shown in figure 6(b) at any time. However, dynamic evolution of flow patterns exists in microchannels, causing small-amplitude oscillations of pressure drops; see figure 6(a). Figure 7 examines the main heater surface temperatures over the whole heating length of 8.0 mm against time. A quasi-linear increase of heater surface temperatures along the flow direction is shown in figure 7(a) without active control, displaying no change versus time. Temperatures attain maximum values at the end of the heating area, i.e. at x film = 8.0 mm, which are about 82
• C, quite a bit higher than the saturation temperature of 64.7
• C at atmospheric pressure. A simple calculation of the liquid temperature distribution along the flow direction gave positive superheats in the downstream part of microchannels.
Figures 7(b)-(d) illustrate the heater surface temperatures for the three seed bubble frequencies of 10, 100 and 1000 Hz, respectively. The following phenomena are observed.
• Temperatures are lower than those without active control, indicating heat transfer enhancement.
• Temperature gradients decrease along the flow direction.
• The higher the seed bubble frequencies, the more the heater surface temperatures decrease.
• The oscillation amplitudes of the quasi-stable temperatures are less than 1-3 • C.
• The maximum temperatures near the end of the heater surface are about 66-69
• C, inferring a very small temperature difference between the wall surface and the liquid, at the high seed bubble frequencies of 100 and 1000 Hz.
Heat transfer coefficients and heat transfer enhancement ratios are plotted versus time in figure 8. These parameters are defined at the end of the heating area, i.e. at x film = 8.0 mm.
The stable heat transfer coefficients are 25 kW m −2 K −1 for the no active control case (f = 0). However, they are much higher with active control than those without active control. The higher the seed bubble frequencies, the higher the heat transfer coefficients. Corresponding to the small-amplitude oscillation of flow patterns and heater surface temperatures, the heat transfer coefficients vary with time. For example, heat transfer coefficients change in the range of 100-120 kW m −2 K −1 for the seed bubble frequency of 1000 Hz. Thus, the oscillation amplitude of 20 kW m −2 K −1 is about 20% of the average value. The slightly larger oscillation amplitude is due to the small temperature difference between the heater surface temperature and the saturation temperature of fluid there. Heat transfer coefficients with active control are several times those without active control. Even at the seed bubble frequency of 10 Hz, the heat transfer enhancement ratio reaches 2. For the seed bubble frequency of 1000 Hz, the values of the heat transfer enhancement ratios reach 4 and 5 (see figure 8(b) ).
The SBF
Different from the phenomenon described in section 4.3, the unsteady boiling flow is self-sustained in microchannels without active control. It is seen from figure 9(a) that the pressure drops oscillate in the range of 3-10 kPa, with the maximum amplitude of 7 kPa, without active control. Considering the liquid flow in heated microchannels, bubble nucleation does not appear until the heating surface temperature and the bulk liquid temperature are significantly superheated. Once boiling is triggered, the superheated liquid releases its stored energy to vapor phase through the nucleated bubble interface in a short time. A sharp pressure increase in the vapor core makes the fluid travel in both downstream and upstream directions. The vapor growth and pressure rise stage is complete when the superheated liquid completely releases its stored energy. Note that an external pumping pressure is always applied on the fluid, causing the subcooled liquid to refill the microchannels. It will take some time for the incoming liquid to reach the superheated bubble nucleation temperature again. The above processes are repeated in time sequence, causing the alternating flow pattern transitions in microchannels. Kandlikar et al (2006) and Xu et al (2009) noted that the flow boiling process suffers from severe instabilities due to the nucleation of vapor bubbles in a superheated liquid environment in a minichannel or a microchannel. In summary, the severe flow instability in smooth microchannels is caused by the thermal nonequilibrium between vapor and liquid phases. Seed bubbles significantly suppress flow instabilities in microchannels. As shown in figure 9(a), pressure drops for the seed bubble frequencies of 10, 100 and 1000 Hz had quite small oscillation amplitudes compared with those without active control, leading to the quasi-stable boiling flow. The higher the seed bubble frequencies, the higher the pressure drops across microchannels, due to the vapor produced in microchannels when seed bubble frequencies increase. However, the pressure drops with active control seldom exceed the maximum value without active control.
Typical flow patterns are shown in figure 9(b) with and without active control. The alternative liquid flow/annular flow/partial dried-out flow sequentially exist in microchannels without active control (see figure 9(b) ). It is noted that the alternative flow patterns depend on the mass flux, the heat flux and the working fluid for the self-sustained unsteady boiling flow, which may deviate from the photographs shown in figure 9(b) for different runs. However, injection of seed bubbles yields a quasi-steady elongated bubble flow at any time (see figure 9(b) ). Figure 10 shows the effect of active control using seed bubbles on the heater surface temperatures. The heater surface temperatures with large amplitude without active control, represented by figure 10(a), significantly decrease by using seed bubble injections, represented by figures 10(b)-(d). Heater surface temperature gradients decrease significantly along the flow direction. Figure 12 summarizes the flow region map with mass flux and heat flux as the two coordinates. The four regions take place at Bo < 0.374 × 10 −3 for region I, 0.374 × 10 −3 < Bo < 0.616 × 10 −3 for region II, 0.616 × 10 −3 < Bo < 1.412 × 10 −3 for region III and Bo > 1.412 × 10 −3 for region IV. For the flow without active control, regions I, II, III and IV are the subcooled liquid flow, the superheated liquid flow, the unsteady boiling flow and the vapor flow at highvapor-mass qualities, respectively. For the flow with active control, the four regions are the subcooled liquid flow, the TBF, the SBF and the vapor flow at high-vapor-mass qualities, respectively. Seed bubbles have no effect on the flow and heat transfer in regions I and IV. In region II, seed bubbles convert a superheated liquid flow into a quasi-steady boiling flow. In region III, seed bubbles convert a self-sustained unsteady boiling flow into a quasi-stable boiling flow.
The flow region map depending on heat fluxes and mass fluxes
As noted before, the maximum heater surface temperatures appear nearly at the end of the heating area, i.e. at x film = 8.0 mm. Figure 13 shows the maximum heater surface temperatures for four boiling numbers, in which figure 13(a) is for region II, figures 13(b) and (c) for region III and figure 13(d) for region IV. Seed bubbles decrease the heater surface temperatures in figure 13(a) and convert the unsteady boiling flow (f = 0 Hz) into a quasi-stable flow in figures 13(b) and (c). There is no apparent influence of seed bubbles on the flow and heat transfer in figure 13(d) . Figure 13 also indicates that the difference of heater surface temperatures between f = 100 Hz and 1000 Hz is small, inferring the saturation seed bubble frequency of 1000 Hz.
We identified the significant heat transfer enhancement by seed bubbles. Due to the lack of nucleation sites on channel wall surfaces, the flow is in non-equilibrium state, i.e. the liquid is superheated while the vapor is saturated. The introduction of seed bubbles decreases the thermal non-equilibrium between liquid and vapor phases. The void fraction with active control should be larger than that without active control, maintaining a good thin film evaporation heat transfer mode to enhance heat transfer. The time-spatial-varied void fractions increase with increase in seed bubble frequencies. Thus, the higher the seed bubble frequencies, the more the heater surface temperatures decrease, and the heat transfer enhancement ratios increase. When the seed bubble frequencies increase to a specific value, such as 100 or 1000 Hz in this paper, the flow approaches equilibrium. Thus, the saturation seed bubble frequency attains the maximum heat transfer enhancement ratios. This explanation is suitable for both the TBF and the SBF.
Conclusions
The seed bubble technique is used as an effective active control strategy for the flow and heat transfer in silicon microchannels. A single miniature bubble is produced on a microheater surface during one pulse. The seed bubble frequency controls the thermal non-equilibrium between vapor and liquid phases. The experiments were performed over a wide range of mass fluxes. The demand curves of pressure drops versus mass fluxes were examined. The following conclusions can be drawn.
• Over the wide range of mass fluxes, the demand curves of pressure drops versus mass fluxes can be divided into four regions.
• Regions I, II, III and IV are the subcooled liquid flow, the superheated liquid flow, the unstable boiling flow and the vapor flow at high-vapor-mass qualities without active control.
• Regions I, II, III and IV are the single-phase liquid flow, the TBF, the SBF and the vapor flow at high-vapor-mass qualities with active control.
• Seed bubbles have no influence on the flow and heat transfer in regions I and IV.
• Seed bubbles convert a superheated liquid flow into a quasi-steady boiling flow in region II.
• Seed bubbles convert an unstable boiling flow into a quasisteady boiling flow in region III.
• Heat transfer is significantly enhanced in regions II and III.
• The linear part of the demand curves is shortened when the seed bubble technique is used. The points at which the demand curves deviate from the linear part coincide into one point at different seed bubble frequencies.
• Seed bubble frequency is the key parameter that influences the flow and heat transfer in microchannels. The higher the seed bubble frequency, the more the heater surface temperatures decrease in regions II and III. 
